We have presented an RF MEMS tuneable lowpass filter. Both distributed transmission lines and RF MEMS capacitances were used to replace the lumped elements. The use of RF MEMS capacitances gives the flexibility of tuning the cutoff frequency of the lowpass filter. We have designed a low-pass filter at 9-12 GHz cutoff frequency using the theory of stepped impedance transmission lines. A prototype of the filter has been fabricated using parallel plate capacitances. The variable shunt capacitances are formed by a combination of a number of parallel plate RF MEMS capacitances. The cutoff frequency is tuned from C to X band by actuating different combinations of parallel capacitive bridges. The measurement results agree well with the simulation result.
Introduction
Radio frequency microelectromechanical systems (RF MEMSs) technology offers an attractive capability for RF systems, particularly in support of switching and tuning functions. One such component is a microelectromechanical voltage tuneable capacitor, which can enable a wide tuning range and high-quality (Q) factor. In this paper, we present a design of a tuneable low-pass filter combining RF MEMS capacitors and high impedance transmission lines. The low-pass filter has been designed by means of the theory of stepped-impedance transmission line filters. The filter can be developed with surface micromachining without the need for any external inductors. This will give flexibility in integration and easy fabrication processing.
Compared with solid-state varactors, MEMS tuneable capacitors have the advantage of lower loss and a potentially larger tuning range [1] . The interconnection loss and noise can also be reduced compared with the use of off-chip solid-state RF components. Among all the MEMS capacitors developed to date, the parallel plate configuration is the most commonly used. The actuation mechanism is mostly electrostatic as it consumes very little power during actuation. In standard filter design at low frequency, the MEMS varactor is used as a lumped element with off-chip inductors. At high frequency, some low pass filter designs were reported with integrated transmission lines and MEMS switches (see Cai et al. [2] and Fang et al. [3] ). In [2] the tuning of the filter is obtained by changing the transmission line length using MEMS switches. In [3] planar spiral inductor and shunt capacitor are used but without any tuning capability. Also, low-pass and band-pass filters integrating capacitive MEMS switches and short inductive transmission lines have been realised above 10 GHz [4] [5] [6] . In [4] , the tuning of the cutoff frequency was obtained by switching between different combination of inductance and capacitance. In [5, 6] , the cut-off frequency was tuned by changing the inductance using MEMS switching.
In this paper, we have shown a design of a low-pass filter with a high-impedance transmission line and RF MEMS capacitors, where the tuning is obtained by capacitance tuning. The MEMS switches were designed in shunt configuration on a coplanar wave guide (CPW). The MEMS capacitive shunt switch was used in a stepped-impedance low-pass filter instead of a low-impedance transmission line. The series inductor in the low-pass filter was implemented using a short section of a high impedance transmission line [4] . A preliminary theory of low-pass filters using transmission lines and MEMS capacitances is presented in [7, 8] . This filter is much more elegant and compact than filters based on traditional λ/8 long stub and transmission line filters [9] . Capacitance tuning is much more efficient than the inductance and transmission line tuning. To change the inductance and transmission line, additional MEMS switch is required, which increases the complexity and loss in the systems [2] [3] [4] [5] [6] . The designed filter has a large tuning range, over 60% of its nominal cut-off frequency. Although step impedance filters do not have a very sharp rolloff, they can be used for certain applications where compact size and a wide tuning range are required and less rolloff can be accepted. The low-pass filter, for example, can be used in harmonic suppression above the fundamental frequency in frequency synthesizer. The high tuning range will be very useful in the systems with multiple frequency band operation.
The theory of MEMS capacitor and third-order 3 dB ripple chebyshev low-pass filter is described in Section 2. The filter was designed and optimised with advanced design system (ADS) from Agilent [10] . A prototype of the filter was fabricated by our own facility at SINTEF MiNaLab in Oslo, Norway. Three parallel plate bridges were used as tuneable capacitances. The tuning of the capacitance was obtained by actuating different combinations of bridges. The fabrication of the filter is presented in Section 3. The measurement of the filter is presented in Section 4. A comparison of the measurement result with simulation result of the filter, taking into account the effects of process constraints, has been also discussed in Section 4. Finally, the paper is concluded.
Theory of Capacitive Switch and
Third-Order Filter Figure 1 . L e and W e are the length and the width of the electrode, respectively. A DC bias voltage, V DC , is applied between the bridge and the two separate actuation electrodes on the two sides of the centre conductor as shown in Figure 1 . All electrodes are covered with a dielectric with thickness t d and relative permittivity ε r . The initial gap is g 0 at the centre of middle electrode when no DC voltage is applied. When a DC voltage is applied between the bridge and the actuation electrodes, the initial gap reduces according to the actuation voltage [11] . If the fringing field effect is neglected, the value of the capacitance between the suspended bridge and centre conductor for a deflection x of the bridge can be determined by
When V DC is applied between actuation electrodes and bridge, an attractive electrostatic force F e is generated with the value:
Here, C a (x) is the total capacitance between the bridge and the two actuation electrodes, x is the distance the top plate has moved from its initial position, V DC is the actuation voltage, and g ao is the initial gap between actuation electrodes and suspended bridge. This electrostatic force tries to pull the top plate down. The beam has a mechanical spring constant (stiffness) which tries to pull the beam back to the upstate position. For small deflections, the electrostatic and elastic force are equal in magnitude. When the beam is deflected one-third of the initial gap, the electrostatic force becomes stronger than the mechanical restoring force. At this point the beam collapses fully to the down state and this voltage is called the pull-down voltage. The down state capacitance is given by
Theory of the Stepped-Impedance Filter.
It is well known [9] that if the length of the transmission line is short (βl < π/4) and the characteristic impedance is high, the transmission line can be represented by the equivalent circuit shown in Figure 2 (a) where the reactance is given by
Here, the characteristic impedance of the line is Z 0 , the length is l, and the propagation constant is β. So, a series inductor can be represented by a short length of high-characteristic-impedance transmission line. In the lumped elements filter model, the shunt capacitors have been replaced by an RF MEMS capacitor which will provide the capability of tuning cut-off frequency.
A Third-Order Lowpass Filter Topology Design.
A thirdorder low pass filter topology is shown in Figure 2(b) . The basic filter elements are extracted from the Chebyshev equal ripple low pass filter prototype [7] [8] [9] . The normalized filter elements for a 3 dB ripple Chebyshev are given by g 1 = 3.3487, g 2 = 0.7117, g 3 = 3.3487, and g 4 = 1.00 which is the load impedance [9] . A ripple of 3 dB is used to give a sharper roll-off above the cut-off frequency. We have chosen a nominal cut-off frequency at 7.0 GHz. With a maximum transmission line impedance of 80 Ω, the length of the transmission line becomes 25. 5
• and the nominal capacitance value becomes 1.52 pF when the cutoff frequency is 7 GHz. The proposed filter is fabricated on a 280 μm think high-resistivity silicon substrate. The relative dielectric constant of the substrate is 11.9 and the resistivity is 8000 Ω-cm. After optimization of the filter cut-off frequency in ADS, the nominal shunt capacitor value becomes 1.1 pF and the length of the 80 Ω line becomes 1467 μm (30.7
• ) for the desired responses [10] . For an 80 Ω CPW transmission line, the dimensions are 160 μm/53 μm/160 μm (G/W/G). A higher value, such as 100 Ω or more, can be chosen for the impedance of the series inductance. This will make the transmission line very narrow and increase the loss in pass band.
Fabrication of the Filter
A schematic view of the fabricated filter is shown in Figure 3 . The fabrication was performed at SINTEF MiNaLab in Oslo. Each shunt capacitance was a combination of two 12 μm wide (on the two sides) and one 15 μm wide (middle) shunt bridge. The variation of the capacitance can be obtained by actuating individual bridges, or combining one or more bridges. The thickness of the centre electrode and the actuation electrode dielectric was (Si 3 N 4 ) 220 nm. Aluminium was used as a transmission line.
A four-mask process was used to fabricate the proposed filter. A 280 μm thick silicon wafer with 4-8 kΩ-cm (specified by supplier) resistivity was used for the fabrication. A 500 nm thick oxide was grown on the silicon wafer to obtain lower loss. Then a 500 nm thick Al was deposited by sputtering and patterned by wet etching. A 220 nm thick Si 3 N 4 was deposited as dielectric by plasma-enhanced chemical vapour deposition (PECVD) and patterned by dry etch. HiPR 6517 photoresist was used as a sacrificial layer. The resist thickness was 2.55 μm and patterned by standard lithography and special baking methods as described in detail in [12] . Then, 1.1 μm thick gold was sputtered and patterned by wet etch. The gold was sputtered at 500 watt and a pressure of 20 mTorr to obtain a low tensile stress [13] . When the gold was sputtered, the transmission line was also sputtered with 1.1 μm additional gold on aluminum. Low tensile stress ensures low-pull-down voltage and gives better reliability. Finally, the shunt capacitive bridges were released by dissolving the resist in acetone and dried in a critical point dryer [12] . Scanning electron microscope (SEM) images of the fabricated filter are shown in Figure 4 . As shown in Figure 4 , the actuation electrodes are separated from the RF signal electrode, and each bridge has its own set of actuation electrodes. The centre narrow line is the 80 Ohm transmission line, which is equivalent to a series inductor. The capacitors are at both ends of the 80 Ohm transmission line, shunting a 50 Ohm transmission line. In the figure, the three parallel bridges of shunt capacitors can be seen. The extended 50 Ohm transmission lines are used for measurement purpose with a CPW probe.
Measured Results and Simulation in the Light of Fabrication Constraint
The fabricated filters were measured in a vector network analyser. The filter characteristic was measured up to 30 GHz. Standard line-reflect-reflect-match (LRRM) methods were used for calibration of the network analyser. The measured filter S parameters are shown in Figure 5 . We measured the filter characteristics with one bridge down (15 μm wide centre bridge), and 2 bridges down (15 μm and 12 μm wide bridges). Due to lack of actuation facility, we could not actuate all three parallel bridges together. The cutoff frequency for one bridge down is 12 GHz, and two bridges down 9 GHz. The filter is very compact compared to the traditional half-wave-length transmission line filter. In addition, the loss in the pass band is reasonably small. The cut-off frequency was slightly higher than designed frequency. After fabrication, the filters were inspected in an optical interferometer to measure the actual width and height of the bridge. The actual initial heights of the bridges were 2.25 μm and the width was reduced on average 1 μm from each side owing to overetching. Gold is usually smooth and it was found that the average roughness of the gold was 7 nm. The Si 3 N 4 average roughness was 9 nm, but the main contribution to the roughness was from aluminium. This is because of the high-temperature (300
• C) Si 3 N 4 deposition. From an atomic force microscope (AFM) measurement, it was found that the height of the aluminium bumps was about 80 nm. As the nitride was deposited on aluminium, the total roughness for the downstate capacitance was 96 nm. Considering the overetch and roughness, the downstate capacitance value is 0.38 pF for the 15 μm bridge (13 μm real width). The filter was resimulated with the above parameters. The simulation was compared with measurement results of the fabricated filter as shown in Figure 5 . A higher resolution of the measured S parameters is also shown in Figure 6 . The measured insertion loss is less than 1.25 dB in the pass band for both configurations. The filter has a small amount of ripple in the pass band. The measured results agree well with the simulated results, given the effect of overetching and roughness. There is a slightly higher cut-off frequency in the measured filter. This can happen because of nonplanarity of the bridge at downstate, which will further reduce the downstate capacitance. By using the same roughness as mentioned earlier, the estimated downstate capacitance becomes 0.30 pF for the 12 μm bridge (10 μm real width). The total capacitance at downstate becomes 0.68 pF when two bridges are down. The simulated and measured results for this state were compared and are shown in Figure 5 . From this figure, it can be seen that the measured filter again has a higher cut-off frequency for the reason discussed above. Also, the narrower bridge will have relatively more overetching and less planarity.
Conclusions
We have presented a tuneable low-pass filter design with transmission line and MEMS capacitance. The tuning of the cut-off frequency was obtained by actuation of several parallel bridges. The measured results agree well with the simulated result considering the fabrication effects. The filter rolloff is not very sharp but can be improved with the use of high-impedance transmission line and a higher-order of the filter. However, this may have some drawbacks. As only the capacitance was used for tuning and the inductance was fixed, higher order filters would have reduce the tuning range. Also, it would be complicated to tune all the capacitor simultaneously. The fabricated filter is very compact and has very good control of the tuning frequency.
